Radio Frequency Wireless Power Transfer (RFWPT) systems operating at higher frequencies such as 6.78 MHz are drawing a lot of attention due to their advantages such as the improved user convenience, the compact size and the light weight. In a WPT charging system the DC/DC converter, which provides an accurate voltage and current to the battery is essential for its safety and lifespan. This paper presents the design and implementation of a high efficiency, light weight-Megahertz WPT system that makes it possible to charge Lithium Batteries by Constant Current (CC) and Constant Voltage (CV) charging with a pair of coils. The proposed WPT charger is simple in structure since it does not require a feedback circuit to implement CC/CV charging. Hence, no communication between the primary side and secondary side is needed. Since the charger can provide automatic mode transfer from CC to CV charging, the battery can be fully charged without the help of an additional DC/DC converter. Simulation and experimental results obtained with a 50W WPT charger operating at 6.78-MHz are presented to verify the feasibility and the validity of the proposed method.
I. INTRODUCTION
The Wireless Power Transfer (WPT) technology has become more and more popular for electronic devices since it can eliminate the inconvenience of traditional plug-in chargers by removing the connection wire between the charger and the devices to be charged [1] . When the switching frequency of an inductive power transfer (IPT) system increases to the MHz range which is typically 6.78 MHz or 13.56 MHz [2] - [10] , a higher quality factor of the coil can be achieved. This alleviates the effect of the lower coupling coefficient caused by longer distances or misalignment, which in turn results in better efficiency. Moreover, the volume and weight of the resonant components such as coils, inductors and capacitors can be reduced when the operating frequency is increased, which is desirable for portable electronic devices.
Lithium batteries are widely used in various portable electronic devices such as laptops, cell phones and E-mobility.
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The charge process for Lithium batteries normally includes Constant Current (CC) charging and Constant Voltage (CV) charging to fully charge batteries. Initially, a battery is charged with a constant current and the voltage of the battery increases gradually during this mode. When the battery voltage reaches the maximum charge voltage, the battery is charged by the CV mode. The charge process is completed when the battery current decreases to a certain value such as a 0.1C rate. In order to ensure the lifetime of the battery, it is necessary for the charger to provide an accurate charge current and voltage with stable operation. To realize CC/CV in a high frequency WPT charger, closed-loop control can be implemented with frequency modulation with a single stage converter or an additional back-end DC-DC converter in the receiver side. However, those methods increase the cost, complexity and power loss of the system [8] - [10] . To cope with these issues, another approach for CC/CV in WPT systems with an open-loop control was introduced in [11] . In this approach two different frequencies are used to achieve CC and CV by using the inherent characteristics of the resonant compensation network. Thus, the WPT system can achieve CC or CV mode charging by operating the charger at one of two resonant frequencies. However, in WPT systems operating in the MHz range the use of multiple frequencies is limited due to the complexity of the circuit and difficulties in digital implementation.
In addition, frequency variation is not recommended to avoid electromagnetic interference of the radio communication. Therefore, in order to realize both CC and CV charging in a MHz-WPT system, transformation of the resonant network to implement CC and CV mode charging is preferred. There are four basic compensation topologies, series-series (SS), series-parallel (SP), parallel-series (PS) and parallel-parallel (PP), which can be introduced for the CC/CV charge of a WPT system. With these resonant compensation circuits, the instinctive Zero Phase Angle (ZPA) condition can be achieved with load independent constant voltage and constant current output characteristics [12] . However, a drawback of these topologies is a limitation on the degree of freedom in the design of the resonant compensation network and coil since the output values are highly dependent on the coil parameters. To overcome this constraint, higher order resonant networks have been preferred and studied in the earlier works [13] - [18] . Among the many high-order compensation network configurations, the Series-Inductor-Capacitor-Capacitor (S-LCC) in [14] , [15] and the LCC-S in [16] , [17] have attracted more attention due to their intrinsic features of constant voltage and ZPA characteristics. A double sided LCC topology is adopted to achieve a constant current charge with the ZPA condition [18] . It is well-known that the T-LCL type, π-CLC type, T-CLC type and π-LCL type are four basic configurations of an immittance converter that are able to transform a constant voltage source into a constant current source and vice versa [19] . However, most of the above mentioned WPT systems are designed to operate in the kHz switching frequency range. Thus, the power density of the systems may not be good enough for portable devices or E-Mobility applications. In addition, this method is mostly suitable for WPT charger systems of which coils misalignment or air gap is fixed mechanically as shown in Fig.1 [12] - [15] This paper introduces a 6.78-MHz class D Inductive Power Transfer (IPT) system that can implement both CC and CV charging by transforming the resonant compensation circuits as shown in Fig. 2 . For the CV charging an S-LCC circuit is used and an S-LCC combined with a T-type LCL circuit is used for CC charging. High efficiency can be achieved thanks to its soft switching characteristics over a wide range of loads and the absence of a back-end DC-DC converter. It is flexible in implementing CC/CV charging with different design specifications due to its high order resonant compensator. In addition, the reactive power can be fully compensated by the ZPA operation. Hence, the power ratings of the switches and resonant tank can be reduced. The operation principle is presented by using an intuitive equivalent circuit. A 50W prototype of the proposed WPT charger operating at 6.78-MHz is fabricated to verify the validity and feasibility of the proposed method. The content of this paper consists of five sections. A theoretical analysis of the output characteristics and input impedance of the proposed topology are demonstrated in Section II. The design and implementation of the proposed battery charger are presented in Section III. In Section IV, simulation and experimental results are presented to verify the analysis and to evaluate the performance of the proposed IPT battery charger. Finally, some conclusions are given in Section V.
II. OPERATION PRINCIPLE OF THE PROPOSED WPT CHARGER
In the proposed WPT topology an S-LCC resonant network is utilized for implementing CV charging and an S-LCC + LCL resonant network is used for implementing CC charging. The circuit configuration is changed by using two switches, S a and S b , to perform complementary operation.
For the CV mode operation, the switch S a is turned on and the switch S b is turned off. Hence C sc , L sc1 and L sc2 cannot participate in the operation of the resonant tank. This is opposite for the CC mode operation and all the resonant components participate in the resonant operation.
A. IMPLEMENTATION OF CONSTANT VOLTAGE CHARGING WITH AN S-LCC RESONANT NETWORK
In this section, an analysis of the frequency characteristics of an S-LCC by using the fundamental harmonic approximations (FHA) method is presented. To simplify the analysis, all of the parasitic resistances in the resonant components are neglected. Simulation and experimental results validate the accuracy of the approximation in the following sections. Fig. 3 (a) shows a circuit model of the S-LCC topology, where L tx and L rx are the self-inductance of the transmitter and the receiver coil, respectively. M is the mutual inductance between two coils. C p , C 1s , C 2s , and L 1s are the resonant capacitors and the inductor. The WPT system is supplied by the voltage source V in_AC and the load is represented by the equivalent resistance R ac . The equivalent circuit model of an S-LCC topology shown in Fig. 3 (a) is converted to the model shown in Fig.3 (b) by combining L 1S , C 2S , and R AC into the equivalent impedance Z S_cv as described in (1)
When the condition in (2) is satisfied at ω o , the equivalent impedance Z S_cv can be represented by (3) 1
It can be noticed from (3) that Z S_cv is composed of a resistance L 1s /C 2s R ac and a capacitance C 2s . Then, the equivalent circuit model in Fig.3 (a) can be transformed into the equivalent circuit model in Fig 3 (b) . Based on Kirchhoff's voltage law, the receiver coil current I 2_cv can be expressed as in (4)
The equivalent voltage source in the transmitter −jωMI 2 cv in Fig. 3 (b) can be represented as in (5) in which reflected impedance from the receiver to the transmitter Z ref _cv s defined as in (6) −jωMI 2_cv = (6) does not have an imaginary part, when the condition in (2) and (7) are satisfied. As a result, the reflected impedance Z ref _cv at ω o is obtained as a pure resistance in (8) .
As shown in Fig. 3 (c), the equivalent input impedance Z in_cv of the WPT system and the transmitter current I 1_cv can be derived by (9) and (10), respectively.
The phase of Z in_cv is determined by arg [Im{Z in_cv } / Re{Z in_cv }]. In order to achieve zero phase angle for Z in_cv at the resonant frequency ω o , the imaginary part of Z in_cv should be eliminated by using the condition in (11) .
Z in_cv at the resonant frequency ω o can be simplified as in (12) . Then it becomes a real number. The transmitter coil current I 1_cv at the resonant frequency ω o can be obtained as in (13) . Therefore, the transmitter current is in phase with 'the input voltage and the circulating current in the transmitter loop can be significantly suppressed.
By substituting I 1_cv (ω o ) from (13) into (4), the receiver coil current I 2 _cv at the resonant frequency ω o can be obtained in (14)
Hence, the output voltage gain of the proposed WPT charger in the CV mode can be derived as in (15) . The voltage gain characteristic of the S-LCC topology is crucial to understanding the behaviors of the WPT system, which is highly dependent on multiple variables such as the coil parameters, mutual inductance, operating frequency and load.
It is obvious in (15) that the output voltage is constant regardless variation of load resistance at the resonant frequency ω o . The output voltage varies depending on the input voltage V in_AC , inductor value L 1s and mutual inductance M between transmitter coil and receiver coil. Once the mutual inductance M is set, the output voltage can be adjusted by L 1s . Therefore, the CV condition of the S-LCC topology can be achieved when the circuit parameters are designed to satisfy (2), (7) , and (11).
B. IMPLEMENTATION OF CONSTANT CURRENT CHARGING WITH AN S-LCC+T TYPE LCL RESONANT NETWORK
In order to implement the CC charging of the proposed topology, the T-type LCL circuit is connected in series with the S-LCC structure as shown in Fig. 4 . Therefore, the LCL circuit is fed by the constant voltage source V o_AC_cv , which is the output voltage of the S-LCC circuit.
The constant current characteristic of a T type LCL circuit can be represented by the equivalent circuit shown in Fig. 5 . Fig. 5 (a) shows the configuration of a T type LCL circuit that consists of two inductors L sc1 and L sc2 and one capacitor C sc . Here, R ac is the equivalent load resistance. According to Fig. 5 (a) , the equivalent impedance Z eq_LCL can be derived as in (16) .
When the condition in (17) is satisfied, Z eq_LCL (ω o ) can be represented by a resistance and a capacitance as shown in Fig. 5 (b) and (18) .
The reactive components in Fig 5 (b) can cancel each other by selecting the value of the resonant inductor L sc1 as calculated in (20) .
Consequently, the input impedance Z in_LCL in (19) becomes a pure resistance as in Fig. 5 (c) and (21) .
Then, the input current I in_LCL and the output current I o_LCL in Fig. 5 at the resonant frequency ω o can be obtained VOLUME 7, 2019 as in (22) and (23), respectively.
It can be noticed from (22) that the output current I o_LCL (ω o ) is constant regardless of the load and that it depends on the value of the input voltage V o_AC_cv , the operating frequency ω o and the parameters of the LCL circuit components L sc1 , L sc2 and C sc . Therefore, the circuit becomes a loadindependent current source in this configuration and it is suitable for constant current (CC) charging.
III. DESIGN PROCEDURE OF A 6.78 MHZ WIRELESS CHARGER FOR CC/CV CHARGING
In this section, the design procedure of the resonant tank is illustrated for a WPT system with the specification given in Table 1 . Fig. 6 shows the CC/CV charge profile of the battery module and the equivalent impedance of the battery during the charge. 
A. DESIGN OF THE POWER AMPLIFIER
There are several amplifier topologies for high frequency WPT system such as voltage mode class D [7] and Class E amplifiers [20] , [21] . Generally, the class E amplifier has a higher conversion efficiency when compared to the class D amplifier since it has a smaller number of parasitic elements. However, since the Class E amplifier is more sensitive to load variations, it is more difficult to realize the ZVS condition over the entire load range when compared to the class D amplifier [22] . The results in [23] points out that the class D amplifier can achieve a higher efficiency than the class E amplifier due to the ZVS operation and the absence of a choke inductor. In addition, GaN MOSFETs have demonstrated superior performance in WPT applications due to their significantly lower gate charge and the output capacitance of the switch when compared to that of the silicon switches. This is an important factor for low power converters since the charges required to operate the switches are relatively large. Therefore, GaN MOSFETs and a class D amplifier with ZVS characteristics are employed to implement the power amplifier of the WPT charger. A schematic diagram of a class D amplifier consists of two GaN MOSFETs (S1 and S2) and a ZVS tank which is illustrated in Fig. 2 . In order to obtain the maximum efficiency, the resonant tank needs to be designed to operate precisely at the resonant condition. Although the ZVS condition for the proposed topology is achieved the class D amplifier can induce high switching losses in a certain load range due to the parasitic capacitance across the GaN MOSFETs. In this design, a ZVS tank circuit is added to provide a sufficient negative current to discharge C OSS at the primary switches before the turn-on of the switch. The inductance value for ZVS tank L ZVS can be determined as in (24) [24] .
where, t vt is the voltage transition time of the switch, and C OSS is the parasitic output capacitance of the GaN MOSFET.
B. DESIGN OF THE RESONANT NETWORK FOR CC/CV CHARGING
In this section, the design procedure of the resonant network of the proposed WPT charger is presented. The CC charge current for the 6-cells Lithium-Ion battery module is 2 A and the maximum charge voltage is 25.2 V in the CV mode. All of the parameters are calculated at a fixed resonant frequency of 6.78 MHz. Based on the FHA analysis, the relationships between the DC input and the AC input are given in (25)
By substituting V in_AC and V o_AC_cv in (25) into (15), the steady state DC voltage gain Gv (ω o ) can be calculated as shown in (26).
From (23), the transconductance gain G i_LCL (ω o ) of the T-Type LCL circuit can be rewritten by (27) .
Since the T-type LCL stage is cascaded with the S-LLC stage, the transconductance gain can be derived as in (28) by using (25), (26) and (27).
The resonant components can be designed with the system specifications shown in Table 1 . With the procedure shown in Fig. 7 and the input parameters in Table 1 , the parameters for the resonant network can be calculated to provide a 2A constant output current for the CC mode and a 25.2 V constant output voltage for the CV mode. The design procedure is repeated to optimize the performance of the proposed WPT charger in terms of efficiency, soft-switching and output fluctuation. 
C. CONTROL LOGIC FOR MODE CHANGING
At this voltage the comparator triggers the switches Sa and Sb for the mode change. Here, it should be noted that the switches for the mode change needs to be turned on and off carefully according to a certain sequence to avoid a transient surge current.
As shown in Fig. 8 , for CC mode operation, the switch S a is off and the switch Sb is on. During the time to change the charge mode from CC to CV the switch S a is turned on while the switch S b is still on. After a 100ms delay time, the switch S b is turned off and CV charge can starts without the transient surge current. The control circuit for the mode change is implemented as shown in Fig. 8 (b) 
D. INVESTIGATION ON THE EFFECTS OF THE COIL RESISTANCE ON THE CC/CV OPERATION
In the previous analysis, an ideal model of the proposed charger neglecting all the parasitic components was used for analysis.
However, as mentioned earlier, the effect of the Equivalent-Series-Resistance (ESR) of the coil on the performance of the CC/CV operation needs to be considered. In order to investigate this, the analysis is performed again by including the ESR of the coil in the proposed WPT charger as shown in Fig. 9 . Based on the equivalent model shown in Fig. 9 , equations for output voltage and the output current characteristics are derived again by the method presented in the section II.A and Fig. 3 in which equivalent impedance in receiver is reflected to transmitter side 1) The voltage gain of the proposed WPT charger taking the ESR of the coils during the CV operation into account can be obtained by (29) .
where Z ref _cv_esr is the reflected impedance from the receiver to the transmitted during the CV operation, which can be represented by (30) including the ESR of the coil.
The input impedance Z in_cv_esr can be represented by (31).
where the ESRs of the coils are assumed to be the same R tx = R rx .
2) The transconductance gain of the proposed WPT charger taking into account the ESR of the coils during CC operation can be represented by (32). All the parameters for the coils and the resonant components are calculated by the above mentioned method and listed in Table 2 .
IV. SIMULATION AND EXPERIMENTAL RESULTS
In this section, simulation results of the proposed 6.78 MHz WPT charger with MATLAB and PSIM software are presented. Then these simulation results are verified through experiments. 
A. SIMULATION RESULTS OF THE PROPOSED WPT CHARGER
The output voltage, output current and input impedance of the proposed WPT charger are evaluated by plotting them with respect to the switching frequency under different loads using MATLAB software. Since the load impedance varies according to the charge profile it is calculated based on the CC/CV charge profile in Fig. 6 and used for plotting the characteristic curves. Fig. 10 shows the characteristic curves for the CC and CV mode operations. As shown in Fig. 10 (a) a constant output current of 2A is achieved while achieving the ZPA condition at 6.78MHz. Fig. 10 (b) shows that a constant output voltage of 25.2V is achieved while achieving the ZPA condition at 6.78MHz. It can be verified through the simulation results in Fig. 10 that it is possible to implement both the CC and CV operations of the proposed WPT charger while achieving the ZPA condition at one frequency.
However, as mentioned earlier in the section III.C, the effect of the coil resistance on the circuit operation needs to be investigated. Fig. 11 shows variations in output voltage and current of the proposed WPT charger at a fixed 6.78 MHz with different coil resistance values plotted using (29) and (32) during the entire charge process.
It can be noticed from Fig. 11(a) that the perfect CV mode can only be achieved only with zero coil resistance. Hence, the coil resistance needs to be minimized. However, since this is not possible in the practical implementation of the coil, the voltage variation during the CV operation due to the coil resistance should be taken into account. Therefore, the mode change from the CC to CV operation needs to be performed before the battery voltage reaches the maximum charge voltage so that the end of the CV charge voltage should does not exceed the maximum charge voltage. Fig.11 (b) shows that the output current deviates from the designed value when the coil resistance becomes larger. Since a reduction in the CC mode charge current results in an extension of the charge time, the CC mode charge current for the design needs to be selected taking into consideration the amount of current to be reduced due to the coil resistance.
PSIM simulation results including the drain to source voltage of the transmitter MOSFET V ds , transmitter current I pri , diode rectifier voltage V d , diode rectifier current I d , output current I o and output voltage V O are displayed in Fig. 11 . Here, the coil resistance is added in the simulation to verify the operation of the proposed WPT charger including the coil resistance. It can be noticed from Fig. 12 that ZVS turn on and ZCS turn off of the primary switches can be achieved in both the CC and CV mode operations at 6.78-MHz thanks to the ZPA characteristics of the resonant tank. The output current I o and the output voltage V O are nearly constant at 2A and 25.2 V during the CC and CV mode charge operation, respectively. It can be concluded from these simulation results that the proposed WPT charger can work properly even if the coil resistance is considered.
B. HARDWARE IMPLEMENTATION AND EXPERIMENT RESULTS OF THE PROPOSED WPT CHARGER
A prototype of of the proposed CC/CV WPT charger operating at 6.78 MHz is built to verify the theoretical analysis. The components used in the proposed WPT charger are listed in Table 3 .
The 213mm x 90mm transmitter PCB includes a transmitter coil Tx, a class D power amplifier implemented with GaN MOSFETs, a resonant capacitor C P , a resonant tank (L ZVS and C ZVS ) to assist in the ZVS of the main switch, a 6.78-MHz crystal oscillator, gate drivers and the auxiliary power supplies as shown Fig.13 (a) . The receiver PCB, which is the same size as the transmitter PCB, includes a receiver coil Rx, a resonant tank (L 1s , C 1s , C 2s , L sc1 , L sc2 , and C sc ), a full-bridge rectifier, and an output filter C O as shown Fig.13 (b) . The other part of the circuit includes the components for the change of the charge mode. In the proposed WPT charger two different resonant networks are used for CC and CV mode implementation. Thus, the resonant network needs to be transformed according to the charge operation. A simple logic circuit is used to determine the mode of the charge operation by measuring the voltage of the battery. This circuit is composed of a comparator, a voltage sensing circuit, gate drivers and two switches (S a and S b ) to transform the resonant network and it is placed at the bottom side of the receiver PCB as shown in Fig.13 (b) .
The transmitter and receiver coils are configured with 3cm air gap and the PCB coil winding is designed with a non-overlapping structure in order to suppress the parasitic capacitances as shown in Fig.13 (c) . The quality factor Q of the coil is 400 with a 0.12 ohm ESR at 6. Here, a Kikusui PLZ1004W electronic load is connected to the receiver board to verify the operation of the proposed system. Experimental waveforms are captured during the CC and CV mode charge operations as shown in Fig. 15 and Fig. 16 , respectively. They shows the drain to source voltage V ds , the transmitter coil current I tx , the output voltage V O and the output current I O in the CC and CV mode charge. Fig. 15 shows waveforms obtained at 50W and 30W during the CC mode charge. As shown in Fig. 15 (a) the ZVS turn on and the ZCS turn off of the primary switches are perfectly achieved. Fig. 15 (b) shows the resonant current which is little lagging with respect to the voltage owing to the component tolerance. However, the output current I o and the output voltage V O still maintain constant values in terms of the current and voltage, 2.09A and 25.2 V, respectively. Fig. 16 shows waveforms obtained at 50W and 20W during the CV mode charge. As shown in Fig. 16 , the ZVS turn on and the ZCS turn off of the primary switches are achieved perfectly at both 50W and 20W.
In order to further validate the operation of the proposed WPT charger a battery module composed of six lithium battery cells from LG Chem (LIR18650, 4.2V, 2.6Ah) is used in the experiment. The charge profile is monitored in real time by the Lecroy HDO8108 oscilloscope as shown in Fig.17 . Initially, the switch S a is OFF, the switch S b is ON and the battery is charged by a constant current of 2A. The voltage of the battery gradually increases from 21V to 24.3V for about an hour. Then S a is turned OFF and S b is turned ON to activate the CV mode and the charge current is reduced from 1.98A to 0.4A within 35 minutes. The mode change is performed automatically from the CC mode to the CV mode when the voltage of the battery reaches the predetermined threshold voltage of 24.3V. As mentioned earlier the voltage at which the mode is changed needs to be selected to be lower than the maximum charge voltage of the battery due to the coil resistance. It can be noticed from Fig. 17 that the operation of the proposed WPT charger is well matched with the theoretical analysis. Fig. 18 shows the thermal images of the proposed WPT system during the CC/CV charging. As shown in Fig. 18 (a) , the hot spots of the circuit are the rectifier and the inductors L SC1 , L SC2 and L 1S since they all participate in the circuit operation in CC charging. It can be noticed from Fig. 18 (a) that the temperature of the entire circuit is kept lower than 31.8 degree Celsius which proves the high efficiency operation of the proposed WPT charger. However, during CV mode, since the LCL circuit is separated from the circuit, there is no heat generated from it as shown in Fig. 18 (b) . The temperature of the circuit in this mode it is a little bit lower than that in the CC mode since the power consumption is lower in this mode. Fig. 19 (a) shows the efficiency vs. power profile of the proposed WPT converter measured during CC/CV charging by using YOKOGAWA WT1600 power analyzer.
The maximum efficiency reaches up to 82.2 % at 50W in CC mode charging and 82.1% at 50W in CV mode charging. Fig. 19 (b) shows the efficiency vs. equivalent battery resistance during the entire charge operation of the proposed WPT converter. The proposed WPT charger exhibits high efficiency characteristics during the CC mode charging and at the beginning of the CV mode charging. This can be regarded as a desirable characteristic if it is considered that more than 80% of the battery capacity is charged during this period.
V. CONCLUSION
In this paper a compact hybrid topology for the CC/CV charge of a WPT charger system operating at 6.78 MHz has been proposed. The CC/CV charging of a Lithium battery module has been successfully implemented at one frequency by changing the resonant network. The advantage of the proposed method is that a back-end DC/DC converter is not required for CC/CV charging. As a results, both the loss and cost of the system can be reduced. Thanks to the soft-switching characteristics of the proposed charger over the entire load range, the overall efficiency of the system can be significantly improved. Due to the automatic transfer function from the CC charging to the CV charging of the proposed system, a battery can be fully charged in a continuous manner, and no communication between primary side and secondary side is required. Therefore, the proposed WPT charger is suitable for the chargers of portable electronics and E-mobility applications.
